INtRoductIoN
Glass transition is the transition of an amorphous substance from the glassy to the plastic state in a certain temperature range during heating or cooling. The glass transition temperature is an important characteristic of the polymer because the properties of the substance depend greatly on the ratio of the service temperature of the polymer to its T g . For example, an elastomer will be breakable if its T g is too high, and the upper boundary of the service temperature of a rigid plastic is governed by its softening at the glass transition temperature. That is why the precision measurement of T g is given priority by many producers of plastics and developers of polymer and composite material products.
The term 'thermal analysis' encompasses a number of analytical methods based on the change in the physical properties of substances as a function of temperature. This is a suitable method for measuring the glass transition temperature. Determination of the temperature by each of the methods is based on changes in one of the properties of the substance. Table 1 briefly lists different methods of thermal analysis, the property (properties) measured by each method, and the relative sensitivity (the relative change in the signal) of each method to T g measurement.
In the present work, a standard amorphous thermoplastic polymer was investigated by all the methods listed above, including MDSC™, in order experimentally to confirm certain relations and prevailing reasoning. A user guide, based on the results obtained, and also the results for other types of polymer are presented in the conclusion.
ExPERIMENtal

Materials
In the experiment, use was made of two unfilled amorphous thermoplastic substances -polycarbonate and polystyrene. On glass transition, the properties of unfilled amorphous thermoplastics undergo more significant changes than those occurring in polymers of other classes and structure. In compounds where the proportion of substance in the amorphous state is small (for example, polymers with a crystalline structure, highly filled thermoplastics, crosslinked polymers with a characteristic network size exceeding the size of the mobile polymer chains), change in the properties on glass transition will be practically suppressed. Smaller changes in the signal lead to a reduction in the sensitivity of the corresponding method to glass transition, although to a different degree, which will be discussed further below.
In the experiment, use was made of polycarbonate TUFFAK ® (Rohm & Hass Co.). The polystyrene had number 18242-7 in the Aldrich Chemical Catalog. Polycarbonate specimens for DMA were prepared in the following way: sheets of 12 mm width and 60 mm length were cut from sheets of 3 mm thickness. For investigation by the other methods, films of 0.15 mm thickness were hot pressed at a temperature of 155°C from initial sheets of 3 mm thickness. For investigation by DSC and TMA methods, films of 0.2-0.5 mm thickness were hot pressed at a temperature of 200°C from initial polystyrene granules.
Instruments
All the experiments were conducted on the following TA Instruments equipment: a DSC 2910 with an automatic sampler and updating of MDSC™, TMA 2940, DMA 983, and DEA 2970. Specimens were investigated in a nitrogen atmosphere. All the results set out in the present paper were obtained in experiments with heating only. The results of experiments with cooling, although similar, are the subject of a separate study and are therefore not included here.
REsults aNd dIscussIoN
Sensitivity to the type of transition
Two main concepts concerning glass transition are normally used: the uniform or step-by-step transition and the peak maximum. Normally, measurement of step-bystep transition involves a greater degree of error than measurement from the peak maximum, as the latter is based on accurate determination of the baselines and the tangents in the region of transition. This is shown in Figures 1 and 2 . Figure 1 shows the correct position of the cursor for determining the start of transition and the peak. In Figure 2 the cursor for determining the tangent to the baseline is displaced by 3°C. Note that this led to a reduction in T g determined from the step-by-step transition by 1.5°C, whereas the temperature determined from the peak did not change. Generally, determination of the properties of the substance by methods based on the signal peak (for example, damping properties by the DMA method, the heat flow derivative by the DSC method) is less subjective.
Sensitivity of DSC
The most commonly used method for measuring the glass transition temperature is DSC, in which the heat flows released or absorbed by the investigated specimen and a reference specimen are compared. The step-by-step change in specific heat on glass transition gives three temperature values: initial, mean, and final. The mean value is normally calculated as the first derivative of the heat flow (see Figure 3) , although it can also be calculated as the mean point of extrapolation of the specific heat [1] before and after glass transition.
The DSC temperature graph for polycarbonate heated at a rate of 20°C/min is shown in Figure 3 . Most DSC experiments are conducted in a heating regime of 5-10°C/min. Nevertheless, T g is successfully determined at a higher heating rate, as the growth in the signal related to change in specific heat during heating is accompanied with a relatively small increase in noise, which increases the sensitivity.
Nevertheless, constraints are imposed on the increase in sensitivity in this case. With increase in the heating rate, both the temperature and the width of glass transition increase. Figure 4 shows the glass transition of polystyrene (specimen weight 18 mg) at different heating rates. Note that T g is displaced towards greater values, and the width of the transition increases as the rate increases, especially at 20 and 50°C/min. Therefore, besides the value of T g , it is important to indicate the heating rate.
Three components contribute to this heating-raterelated shift: the characteristics of the instrument, the thermal conductivity of the specimen, and the kinetics of transition. The characteristics of the instrument, including the weight of the crucibles and the thermophysical properties, give a shift of only 0.1°C for every 10°C/ min [2, 3] . On the other hand, thermal conductivity plays a significant role, especially for specimens of large size or specimens possessing low thermal conductivity. In these cases, a temperature gradient arises in the specimen, on account of which there is an increase in the width of transition and an increase in the glass transition temperature. Figure 5 shows the described effect for polystyrene. The width of glass transition (the distance between its start ( §) and end (¯) is practically constant up to a heating rate of 5°C/min, and then increases dramatically with increase in the heating rate. Thus, at rates of less than 5°C/min, the specific heat of the specimen hardly influences the T g measurement. However, the values of T g in this range continue to change all the same with increase in the heating rate. This shift (roughly 2°C for every 10°C/min) is due to the kinetics of the glass transition process itself. According to data obtained from the Arrhenius equation, the activation energy amounts to 890 kJ/mol. The same activation energy value is obtained by combining, according to time and temperature, the DSC data obtained by the multifrequency method, which confirms the influence of kinetic effects on the T g .
Other effects observed by means of DSC are the peaks of volume relaxation, which likewise may influence the accuracy of measuring T g . These peaks arise when the cooling rate of the polymer during the investigation (the thermal past) is much lower than the heating rate that was used in the DSC experiment ( Figure 6 ). The volume effects can be reduced if the thermal Finally, T g measurement by DSC depends largely on the crystallinity of the polymers, and also on the presence in them of reinforcing substances and fillers. As these additives make no contribution to change in the specific heat on glass transition, they act as diluents, increasing the weight of the specimen without increasing sensitivity.
Sensitivity of MDSC™
Modulated DSC (MDSC) is an improved version of traditional DSC. Apart from the normal information concerning temperature and heat flow, it makes it possible to obtain information on reversible and irreversible processes occurring during heating. In this method, sinusoidal fluctuations in temperature (modulation) are imposed on the normal linear behaviour in order to obtain modulated heating. Such heating leads to oscillations of heat flow. Using the inverse Fourier transform, reversible and irreversible components are picked out from the modulated signal, and the specific heat of the specimen is calculated directly. Detailed description of the given method can be found in the literature [4] . In short, the reversible components of heat flow are those that are thermodynamically reversible and at the same time kinetically possible. The remaining irreversible and kinetically slow components are categorised as irreversible components of the heat flow.
MDSC is suited for T g measurement in three cases: firstly, improvement in the interpretation of results by separating endothermic volume relaxation (irreversible effect) and reversible change in specific heat on phase glass transition; secondly, by means of MDSC it is possible to distinguish irreversible transitions, for example cold crystallisation and vulcanisation, from glass transition, which is impossible when DSC is used; finally, owing to the effective heating rates that can be achieved by modulation, the sensitivity to heating-rate-dependent phase transitions is higher than that of standard DSC. The following examples illustrate each of the cases described. Figure 7 shows the results of MDSC for polycarbonate. The inflection point of the continuous line (total heat flow) yields a T g of 146.31°C. Note that this value is lower than that in Figure 3 , as the heating rate in MDSC is also lower. On the broken curve (---) denoting irreversible processes, a small (8 J/g) peak of endothermic volume relaxation. The inverse Fourier transform makes it possible to separate this peak and the specific heat curve (---). The T g value obtained as a result, equal to 148.6°C, is more accurate, as overlapping with the peak of volume relaxation is eliminated. Figure 8 shows the results of MDSC for a two-layer film containing polycarbonate (PC) and amorphous polyethylene terephthalate (PET). On the curve obtained by normal DSC (continuous line), a single broad transition between 130 and 150°C can be seen. It is difficult to interpret, as, in this range, the glass transition of polycarbonate and the exothermic process of cold crystallisation of PET overlap. On the other hand, MDSC clearly separates these effects on the basis of the fact that glass transition is a reversible process, while crystallisation of PET is irreversible.
Figures 9 and 10 show how the sensitivity to determining the glass transition temperature is greater in the MDSC™ method. In MDSC, a low base heating rate (1-2°C/min) is used, which ensures high resolution of the transitions but a very low sensitivity. Nevertheless, because of the modulation of temperature, the instant heating rates become much higher than the base rate, increasing the sensitivity to phase transitions such as glass transition. Ultimately, a high resolution is obtained, and a sensitivity that cannot be achieved by traditional DSC. Figure 9 shows a high-temperature epoxy resin in the course of isothermal vulcanisation at 90°C. The continuous curve is the dependence of irreversible heat flow on time; an exothermic effect can be seen, caused by vulcanisation. Precisely the same peak will be observed in traditional DSC. However, by means of MDSC, a further signal can be measured. This is the graph of specific heat (the broken curve), from which its gradual decrease can clearly be seen, connected with the molecular mobility and reduction in free volume as the cured substance passes from elastic to glassy phase. Reduction in specific heat immediately follows the exothermic peak and signifies that the specific heat changes more sharply during crosslinking than during linear polymerisation. Investigation by DMA confirms this assumption, as the elastic modulus (-• -• -) begins to increase at the same time as the specific heat falls. The breadth of transition depends on the diffusion processes controlling the process of transition into the glassy state [5] . In traditional DSC there is no possibility of measuring the specific heat and the transition into the glassy state at the base heating rate of 0°C, i.e. isothermally. Figure 10 gives a different example of T g determination from the curve of reversible heat flow (broken line), which is impossible by the DSC method.
Sensitivity of TMA
Measurement of the glass transition by TMA is based on the change in the coefficient of thermal expansion, which in turn leads to change in the free volume of the polymer on glass transition. Figure 11 shows the glass transition temperature of polycarbonate, determined from the initial instant of change in the rate of expansion and equal to 140.2°C. In the case of polycarbonate, and also many thermoplastics, the behaviour of the coefficient of expansion after T g is not so obvious, as the thermal expansion of the material is counterbalanced by its softening.
A further modification of the TMA method is the measurement of penetration. In this case, a considerable force is applied to a small surface area of the substance.
The T g values are determined from the depth of displacement of a probe deep into the substance as it softens on transition from the glassy to the elastic state. This modification of the method is used for substances that do not withstand a large force after T g , or for which Figure 12 shows the results of measuring penetration for polystyrene. Measurement of T g by TMA is better than by DSC and is suited for filled, highly crystalline or crosslinked substances, as the changes in size at the T g are very considerable for these substances. On the other hand, the range of measured values is often wide, and it is influenced by volume effects and parameters of the probe.
Sensitivity of DMA
In the DMA method, the mechanical rigidity (coefficient of rigidity) and the absorption of energy by the specimen are measured. An oscillating stress is applied to the specimen in this case, and it is extended within the limits of the linear viscoelastic region. On glass transition, increase in the molecular mobility in the polymer leads to a sharp fall (up to 40-fold) in the dynamic modulus E′, which makes DMA most sensitive to T g determination by thermal analysis. In fact, the change in the elastic modulus is easily found even for highly filled, crystalline or crosslinked materials in which the proportion of amorphous substance is very low.
Energy is likewise absorbed with increase in molecular mobility. As the specimen undergoes glass transition, the rate of energy absorption reaches a maximum, on account of which peaks of the elastic modulus E′ and the mechanical loss tangent tan d arise. The temperatures of the three given effects are used for determining the region of glass transition.
The T g values for polycarbonate (3°C/min, 1 Hz) were: 141.8°C (fall in E′), 147.1°C (peak E′) and 151.5°C (peak tan d) (see Figure 13) . Each quantity has its own value. The start of sharp fall in the elastic modulus E′ determines the temperature at which the strength of the material will begin to decrease and it will no longer be able to withstand stress without being deformed. The peak of the mechanical loss tangent is the temperature at which the flow of the polymer changes greatly, which corresponds to the chemical determination of T g . The peak of the mechanical loss tangent (tan d) determines the characteristics of damping of the substance and also has a historic value: this was the first property of the substance to be measured by DMA, and most control data are based on the temperature of this peak.
The glass transition temperature measured by DMA depends on the frequency of fluctuations, as glass transition is a phase transition of the second kind, restricted kinetically. This means that the T g depends both on temperature and on time. Therefore, when comparing the results of different DMA experiments and also the results of DMA with the results of other thermal methods, it is necessary to keep to a certain constant frequency of fluctuations. A value of 1 Hz is normally selected, which makes it possible to compare the results and in this case to conduct measurements at a rate that Figure 13 . Measurement of the glass transition of polycarbonate by the DMA method (1 Hz, 3°C/min) makes the duration of the experiment reasonable. DMA experiments in which different frequencies are used make it possible to obtain additional information for determining the kinetic parameters of glass transition, which enables the properties of the materials to be predicted in a wider frequency range [6] than that actually encountered during service of the material.
Sensitivity of DA
In the DA method, the capacity of dipoles and free ions to be ordered under the action of a variable electric field is measured. Increase in molecular mobility on glass transition enables the dipoles and ions in the amorphous polymer to be more freely aligned over the field and to dissipate energy. The sensitivity of DA to T g determination depends on the strength of the initial dipoles, and also the number and mobility of ions in the polymer. The glass transition of polycarbonate (3°C/ min, 1 Hz) was measured from the signal of the start of growth of dielectric permittivity e′ at 144.9°C and from the peak of the coefficient of dielectric losses e′′ (see Figure 14) .
The measurement of T g in the given method, as in DMA, depends on frequency. The dielectric properties can be measured in a very wide frequency range (up to eight orders of magnitude), as it is easier to achieve a high frequency of electric fluctuations than a high frequency of mechanical vibrations. The wide frequency range makes it possible to measure barely perceptible transitions, and also transitions that are governed by certain mechanisms and sensitive to the frequency of measurement.
Dielectric analysers make it possible to determine the T g of many types of specimen, including films, liquids, and powders. Furthermore, from the dielectric losses it is possible to measure the properties of filled materials. On the other hand, the method has limited applicability to substances with a large number of dipole groups and free ions (for example, it is not easy to investigate polyolefins by the DA method). Likewise, the method does not work for substances that are conductors.
coNclusIoNs
From the results of the present investigation it was established that the most sensitive method for measuring the glass transition temperature is DMA, followed by DSC, the sensitivity of which is twice as low. The TMA and DA methods were least sensitive for the polycarbonates investigated, as their signal-to-noise ratio is greater. The order of the methods was different to that assumed on the basis of signal strength only (see Table 1 ). The fact that DSC is more sensitive than was assumed earlier can be explained by the better baseline detection (noise absorption) in modern DSC instruments, combined with high heating rates. On the other hand, the DA method proved to be less sensitive on account of the absence of strong molecular dipoles in polycarbonate. Nonetheless, ignoring differences in sensitivity, all T g values determined by the five thermal analysis methods are in good agreement ( Table 2) .
Although in the present short review there is insufficient space to describe a wide spectrum of polymeric materials, a considerable amount of work has been done on glass transition investigation in our laboratory. Table 3 gives brief results of this work. In this table, the applicabilities of thermal methods to determining T g of different types of substance are compared; the table can be used as a starting point in selecting the method for investigating new materials. 
